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Theore tical Analysis of Hydro carbon Refrig erant Mixtu res
as a Replac ement for HCFC-22 for Residential Uses
S. Chen, J.F. Judge, E.A. Groll, R. Radermacher
Center for Environmental Energy Engineering
University of Maryland
College Park, MD 20742-3035

Abstra ct
This paper investigates the feasibility of hydrocarbon refrigerant mixtures as
a
replacement for HCFC-22 in residential air-conditioning and heat pump systems. The
COP and the seasonal performance factor (SPF) were calculated using a UA-model for
single component refrigerants and refrigerant mixtures. Simulations were run for pure
propane and the mixtures of propane/i-pentane, propane/n-butane, and propane/i-butane.
- The simulation results obtained with the hydrocarbon refrigerants were compared to the
results with pure HCFC-22 and the mixture of HFC-32/HFC-125 (50/50 wt. %) a mixtur
e
of HFC-32/HFC-l25/HFC-134a (23/25/52 wt. %).

1.0 Introd uction
HCFC-22 is widely used as a refrigerant, both for commercial and residential heating and
cooling applications. However, based on its ozone depletion potential of 0.055 Ill, as
compared to the refrigerant CFC-11 (ODP of CFC-11 = 1.0), HCFC-22 will be phased
out in the future /2/. Currently no acceptable pure fluid has been identified as a drop-in
substitute for HCFC-22. However, binary and ternary mixtures of HFC's such as HFC32/HFC-125 (50/50 wt. %) /3/ and HFC-32/HFC-125/HFC-134a (23/25/52 wt. %) /4/ are
currently being promoted by the refrigerant manufacturers. The disadvantage of these
mixtures is the relatively high direct global warming potential which can be significantly
reduced by utilizing hydrocarbon refrigerants. Therefore, the objective of the work
presented here is to evaluate the COP and seasonal performance factor (SPF) of several
hydrocarbons and their mixtures, and compare them to the currently proposed
replacements, which are mixtures of HFC's .
2.0 Therm odyna mic Proper ties of Hydro carbon HCFC -22 Altern atives
The thermodynamic benefits of the hydrocarbons can be appreciated by examining the
properties in Table 1. The hydrocarbons studied are propane (HC-290), n-butane (HC600), isobutane (HC-600a) and isopentane. In this case, the critical temperature is of
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particular interest. HCFC-22 has a lower critical temperature than the hydrocarbons.
This has two implications. Generally, the latent heat of evaporation is directly
proportional to the critical temperature. Hence the hydrocarbons have a higher latent heat
which, for all other things being equal, results in a higher efficiency. However, the
higher critical point generally translates into a lower operating pressure which in tum
results in a lower vapor density. The lower vapor density means that the volumetric
capacity will be lower as well. Therefore, the hydrocarbons have a smaller volumetric
capacity. This implies that a larger compressor will be required for the hydrocarbons.
Property

HCFC-22

HC-290
propane

HC-600
n-butane

HC-600a
isobutane

isopentane

Molar mass [g/mol]

86.48

44.10

58.12

58.12

72.15

NBP (1.013 bar) [°C]

-40.8

-42.1

-0.5

11.7

27.9

crit. temp. ["C]

96.2

96.7

152

134.7

187.4

crit. pressure [bar]

49.9

42.9

37.9

36.5

33.8

Pressure at 0 oC [bar]

4.95

4.74

1.03

1.56

0.35

Enthalpy of evap.at
ooc [kJ/kg]

203

375

385

356

363

Volumetric Capacity
at o· c [kJ/m ]

4314

3880

1065

1509

408

Density of sat. liquid
at 0° C [kg/m ]

1283

529

601

581

639

Table 1: Refngerant Properties
3.0 Computer Simulation
The simulation used here, HPCYCLE, is a steady state UA model initially developed by
Radermacher and Jung /5/ and is improved upon for this work. The improved version
makes use of the NIST Standard Reference Database 23, REFPROP version 4.0 /61,
which allows for pure components and mixtures of up to five components. The mixtures
are handled by the addition of interaction parameters, which are either measured or
estimated by REFPROP. For all simulations done in this investigation, the calculated
values for the interaction parameters were used.

HPCYCLE is a UA-model in which the product of the overall heat transfer
coefficient and heat exchange area (UA) are given. Prior studies have shown that a
226

comparison betw een pure and mixed working fluids prov
ides meaningful results only
whe n the fluids perf orm the identical task. This implies
that the air streams being heated
and cooled undergo the same temperature changes at the
same flow rates independent of
whether or not a mixture or pure component is used
17/. This can be obtained in a
consistent way with a UA-model.
There are several assumptions considered in HPCYCL
E. It is assumed that the
temperature glide of the mixture is linear. For the resul
ts presented here, it is further
assumed that all heat exchangers are counter-flow heat
exchangers. Lastly, it is also
assumed that the part-load performance is identical to the
steady-state performance. This
may introduce som e error in the magnitude of the SPF,
however the ranking amo ng the
fluids should not be affected.

3.1 Description of Input Data
The isentropic and vohnnetric compressor efficiency are
set to 0. 7. The suction-to-liquid
line heat exch ange r effectiveness is set to 0.9. For the evap
orator and condenser the UA's
are set to 400 W/K and 500 W/K, respectively. The
cooling load is set to 1 ton of
refrigeration. The air flow rates are 400 cfm for
the indoor heat exch ange r (the
evaporator during the air-conditioning mode) and 800 cfm
for the outdoor heat exchanger.
These values are specified in the ASHRAE Standard for
the respective heat exchangers
for a cooling load of one refrigeration ton. The input
data for operating conditions are
derived from performance test conditions for existing
residential air-conditioning/heat
pump units as described in the ASHRAE Standard 1161983 /8/. The cooling mod e was
calculated for two cases with different outdoor air inlet temp
eratures. These temperatures
were 35 OC and 27.8 OC for cooling cases I and 2, respe
ctively. For both cases the inlet
air temperature to the evaporator was 26.7 °C.
4.0. Seasonal Performance Evaluation
The seasonal performance, which is very similar to the
coefficient of performance (COP)
and expressed by the seasonal performance factor (SPF
), is defined as the ratio of the
total amount of cooling provided during a season divided
by the total amount of electrical
energy cons ume d during that season. Total electrical
energy consumption refers to
compressor pow er required. Fans and controls are not
included in this analysis. The
difference betw een COP and SPF is that the COP
is an instantaneous value of a
continuously operating air-conditioner while the seaso
nal performance represents the
performance over the entire season. In this paper, the
abbreviation CSP F refers to the
cooling SPF.
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In Table 5 the fractional number of cooling load hours at a given temperature is
specified. The air-conditioning performance is evaluated for one standardized climate
where the total number of hours that require cooling capacity (CLH) is 3825 hours.

I

Bin #

I

Bin Temp.

I

Fractional Bin Hours

1

67

.214

2

72

.231

3

77

.216

4

82

.161

5

87

.104

6

92

.052

7

97

.018

8

102

.004

I

Table 5: FractiOnal Temperature Bm Hours for Generalized Coohng Chmat e
of the Continental US
5.0 Simulation Results of HCFC-22 Alternatives
5.1 COP Results
Figure 1 shows the results of the simulation for cooling case 1. The results from cooling
0
case 2 will not be shown as the trends are identical to case 1. The mixture of HC-29
e,
and HC-600 performed better than the other mixtures tested. Furthennore, the mixtur
of HC-290 and HC-600 significantly out performed HCFC-22. The unusual shape of the
COP curve for HC-290/isopentane is due to the excessive temperature glide associated
with this mixture. In the concentration range between 0.10 and 0.90 the temperature
glide of the mixture is greater than that of the air.

5.2 Volum etric Capacity Results
Figure 2 is a graph of volumetric capacity versus mixture concentration for cooling case
1. This figure is typical of all conditions tested here. Therefore, it would be redundant
to present any other data on volumetric capacity. It is clear from this figure that the high
COP comes at the price of a low volumetric capacity.
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5.3 Seaso nal Perfo rmanc e Results
The calculation of the seasonal cooling performance was conducted for all the
mixtures.
For the mixtures, the optimum concentration was selected based on the results for
cooling
case 1. Figure 3 is a bar chart of the seasonal performance factor for cooling
(CSPF).
From Figure 3, all hydrocarbon mixtures show better CSPF than HCFC-22.
The best
performing refrigerant is the mixture of HC-290/HC-600, and HC-290/HC-600a
ranks
second, followed by R290/isopentane.
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5.4 Comp arison with the Propo sed Replacements (HFC 's)
Figure 4 is a bar graph of the COP and volumetric capacity for the potential
HCFC-22
replacements for cooling case 1. In this figure the refrigerants are arranged with
the COP
increasing from left to right. The volumetric capacity decreases from left to
right with
the exception of HFC-32/HFC-125/HFC-134a (23/25/52 wt.%). Cooling case
2 has
results similar to case 1 and is not shown.
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6.0 Conclusions

Among the hydrocarbons investigated, the mixture of HC-290 and HC-600 shows the
highest COP. This mixture ranks between the mixtures of propane/isobutane and
propane/isopentane in terms of volumetric capacity. It represents the best balance
between COP and volumetric capacity for the hydrocarbons. This mixture has a higher
COP than either one of the currently proposed HFC replacement refrigerants. However,
the disadvantage of HC-290/HC-600 is the low volumetric capacity which results in a
larger more expensive compressor.
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